Abstract: Films of polyvinylidene fluoride (PVDF) were treated in a dielectric barrier discharge (DBD) in helium, for different exposure times. Modification of PVDF properties was followed by: contact angle measurements, ATR-FTIR spectrometry and scanning electron microscopy. The applied treatment led to the obtainment of polar surfaces, with biocompatibility characteristics. These enhancements in PVDF properties after plasma exposure, associated with the possible increase of the polymer roughness, could lead to an enhanced adhesion with other materials, condition which has to be fulfilled for a series of applications (e.g.: biosensors).
Introduction
Fluorine-containing polymer films are characterized by high thermal and chemical stability, good dielectric properties, and low values of the friction coefficient [1] . Due to their physico-chemical properties, the fluorinated polymers are recognized as materials with important potential for industrial applications, such as: different types of sensors (microwave, humidity, weather, flow/level, energy measurements of optical radiation), automotive, pipes and fittings, bearings, linings and vessels (all especially for the chemical processing industry), wire insulation and piezo-electric devices [2] [3] [4] . The main inconvenience in using this type of polymers is their small free surface energy, this fact leading to a poor adhesion with all other materials. The chemical procedures employed to overpass this disadvantage utilize toxic and dangerous liquids. That is why the properties of the fluoropolymers are mainly modified, during the last period, via treatment by discharges of various types (corona, microwave, radiofrequency etc.) [5] [6] [7] [8] [9] [10] [11] [12] , exposure to ion-beam irradiation [13] , X-rays [14] , vacuum ultraviolet irradiation [15, 16] , laser irradiation [17] , or by some suitable combinations of these techniques. All these treatments make it possible to substantially improve the contact properties of the polymer surface with other materials. Plasma technique is widely used, because it only alters a few top monolayers of the surface, without significantly modifying the bulk properties [18] [19] [20] [21] [22] . After plasma treatment, which does not give rise to thin film deposition, four major effects are normally observed [23] : surface cleaning (removal of organic contamination), ablation or etching of material from the surface (removal of a weak boundary layer), crosslinking or branching, and modification of the surface chemical structure/composition either during plasma treatment itself or upon re-exposure to air.
Atmospheric pressure plasmas are commonly used for treating polymer films, in order to improve their surface properties, such as adhesion and wettability [24] . This type of plasma technique has some advantages over the low pressure processes, especially avoiding the need for vacuum pumps [25] [26] [27] . The change in surface properties is produced by polymer functionalization by plasma generated radicals and ions. The used gas chemistry influences the desired surface properties to be imparted. For example, oxygen plasmas increase the surface energy by bonding O atoms onto the polymer surface, thereby increasing its wettability. The polymer surface often consists of a mat of strands or tubules having diameters of 100 nm to a few microns. The interaction of the plasma into crevices formed by the strands is an issue with respect to uniformity of functionalization. Dielectric barrier discharges (DBD) are commonly used for achieving this purpose [28, 29] .
Radicals and ions from the plasma impinging onto the polymer react with the surface species and functional groups, modifying thus its properties, and return gas phase products. Surface species are alkyl radicals, alkoxy radicals, alcohol, hydroperoxide, aldehyde, and acid groups [29] .
We have already demonstrated the obtainment of a more hydrophilic PVDF surface, under N 2 or N 2 /H 2 microwave plasma treatment [30] .
At this research step, non-piezoelectric PVDF films (0.25 mm in thickness), were treated in a dielectric barrier discharge (DBD) system. Treated PVDF samples were characterized by means of different techniques, in order to choose the adequate treatment conditions which bring structures and morphologies appropriate for the required applications.
Results and discussion

Contact angle measurements
After plasma exposure, water contact angle hysteresis increases when compared with the untreated PVDF (Figure 1 ), indicating the obtainment of a significant roughness for the treated surface [31, 32] , but also a chemical heterogeneity of the surface. The highest value of the interfacial tension with blood and tissues is obtained for the untreated PVDF surface, indicating its lowest properties of hemocompatibility. After applying DBD treatment, this interfacial tension drastically decreases, whatever the treatment time, approaching values comprised of the biocompatibility domain ( Figure  3 ). This behaviour evidences that PVDF exposure in a DBD system leads to the obtainment of surfaces with good biocompatibility characteristics, a very important tendency for a series of applications in the biomedical domain. The adhesion work changes from 67.34 mN/m for the untreated sample to a value of around 120 mN/m for the DBD treated PVDF surfaces, i.e. about almost 50% increase from the initial value. This significant increase in the adsorption characteristics ( Figure 4 (a)), as well as the biocompatibility characteristics ( Figure  4 (b)) induced by the DBD treatment of the PVDF surfaces is maintained for the entire aging period followed.
This behaviour evidences the stability in time of the applied treatment, which can arise from an increase in the surface crystallinity degree, or from surface crosslinking. As it is well known, PVDF presents a tendency towards crosslinking, when irradiated, due to its chemical composition, intermediary between that of polyethylene (PE) (which crosslinks) and that of PTFE (which degrades) under these conditions [33] . The obtained stability of PVDF surfaces treated in these conditions may be a very important behaviour from the point of view of different possible applications. 
Albumin adsorption
Protein pre-adsorption may be used to saturate the surface with a layer of proteins; thus, the surface would not be available for binding and activation for other contact activation proteins [34] . Albumin-treated surfaces are resistant to platelet adhesion, being characterized by enhanced tolerance towards biological fluids and increased hemocompatibility. At the same time, the albumin increases the number of functional groups (−NH 2 and −COOH) on the polymer surface for binding other bioactive molecules, thus extending their applicability. Crosslinking or physical pre-treatment of the surface increases the stability of the physically adsorbed biomolecules [35] .
Plasma treatment determines a drastic increase in the albumin quantity adhering to PVDF surfaces ( Figure 5 ), possibly due to their polar character, induced during the exposure to DBD. This behaviour agrees with the results obtained for the interfacial tension between blood and the material. Evaluation of the albumin amount immobilized on PVDF surfaces evidenced an increase of 3 or 4 times after the helium-DBD treatment when compared with the untreated sample. These values are in accordance with the values reported in the literature for other polymer samples [36] . Therefore, we can conclude that PVDF treated surfaces are satisfactory from the biological point of view.
ATR-FTIR spectrometry
Lanceros-Mendez et al. [37] reported that the CH 2 group gives rise to two frequencies in the 2800-3100 cm -1 region. The asymmetric and symmetric stretching vibrations of the CH 2 group in the virgin sample, as well as in the DBD exposed one, are located at 3025 cm -1 ( a CH 2 ) and2986 cm -1 ( s CH 2 ) respectively, (Figure 6(a) ). Symmetric vibrations are weaker than the asymmetric ones, since the former lead to less change in the dipole moment. Bands assigned to >C=O groups (between 1680 and 1720 cm -1 ) are more intense in the spectra of the DBD treated samples ( Figure  6(b) ), due to their post-oxidation when removed in the atmosphere. C-O bands from 1050-1200 cm -1 [38] are shifted towards higher wavenumbers for the DBD treated .
SEM microscopy
Plasma treatment altered the morphology of the polymer surface. On untreated PVDF surfaces, spherulites with dimensions comprised between 6 and 10 m (as also reported in literature [39] ) are present (Figure 7(a) ), proving the semi-crystalline structure of the untreated PVDF films. For short treatment times, the spherulites seem to increase (more than 10 m), but at longer exposure times they are not so clearly separated (Figure 7(b), (c), (d) ). Surface modifications are visible after DBD treatment, PVDF surface turning from a smooth surface to a non-homogenous one; that should mean an increase of the roughness, as has been previously established from AFM data in the case of radio frequency plasma treatment [40] , in conditions that were less aggressive than the present ones, and also supported -in this caseby the values of the water contact angle hysteresis. 
Conclusions
PVDF samples, untreated and plasma treated for different periods of time were characterized using different techniques (i.e. contact angle determination, ATR-FTIR spectrometry, and SEM), in order to find some correlations between their properties and some plasma parameters.
Treatment of PVDF films in a helium-dielectric barrier discharge leads to a significant increase in the surface polar character. This aspect, correlated with the biocompatibility characteristics of the plasma treated surfaces makes this treatment useful for biomedical applications. The possible increase of the surface roughness 1 m 1 m 1 m 1 m under the treatment could lead to better adherence properties of PVDF surface, condition which has to be fulfilled in a series of applications (e.g. acoustic wave sensors).
The improved hemocompatibility characteristics, as well as the increased adsorption properties induced after applying plasma treatment are maintained for the entire aging period followed, evidencing the stability in time of this treatment . This behaviour could be very important from the point of view of the possible applications of the polymer samples exposed in a DBD system.
A treatment time higher than 10 s leads to the obtainment of PVDF surfaces with the best tolerance towards biological fluids and the best hemocompatibility.
All these enhancements in PVDF surface properties, together with the possible increase of the roughness of the plasma treated PVDF are very promising from the point of view of biomedical applications.
Experimental part
Materials
The research was done on films of polyvinylidene fluoride (PVDF), purchased from Goodfellow, England. This fluorinated polymer is a white, semi-opaque one. Its density is 1.76 g/cm 3 and its upper working temperature ranges between 135 and 150 ºC. PVDF is a long chain, semi-crystalline (normally 50 to 55 %), linear polymer. It has acquired importance due to the existence of two common stable crystalline forms with different piezo-and pyro-electric properties. There are four crystalline phases of PVDF [41] : form I (β phase), form II (α phase), and two forms III ( phase) with different crystalline parameters. α and β phases are the most commonly found, these form the polar phase being associated with the piezoelectric properties of PVDF.
Treatment method
The dielectric barrier discharge (DBD) system was generated in a disc-to-plan geometry (Figure 8) , with adjustable inter-electrode gap, using a pulsed high-voltage supply (peak-to-peak 28 kV, frequency 13.5 KHz). The HV electrode was a disc (radius of 1 cm) and the grounded electrode (GND) was a metallic plate (area of 100 x 100 mm 2 ) covered with a glass slide (thickness of 1 mm, dielectric barrier  r  10). During the treatments, the inter-electrode gap was adjusted to 10 mm, after placing the samples to be treated on the glass plate. In the present arrangement, the dielectric material plays a key role by distributing the discharge, of conic shape, uniformly over an area of about 2 cm 2 on the polymer sample. The total electric power converted at the high voltage electrode and dissipated on discharge was controlled and fixed during these experiments at 40 W.
As helium is well known for its small degradation effect and its high properties of crosslinking and functionalization of the surface [42] , we chose this gas in order to modify PVDF surface. Additionally, helium seems to minimize the effect of the reaction enthalpy on the heat transfer rate to the surface [43] . The presence of a few percent of O 2 , due to the diffusion of O 2 within the DBD at atmospheric pressure, could yield a good stability of the surface properties, important behavior in applications that imply long term duration [44] . Helium (99.9 % spectral purity) was introduced into the inter-electrode gap with a flow rate of 115 cm 3 /min (flow rates higher than 100 cm 3 /min leading to the obtainment of surfaces with biocompatibility characteristics), at atmospheric pressure, by a gas shower placed near the HV electrode [45, 46] . The gas flow direction was orthogonal to the point electrode and measured with a rotameter. The treatment time varied between 5 and 30 s. 
Investigation methods
Treated and untreated PVDF samples were characterized by means of different techniques: contact angle measurements, ATR-FTIR spectrometry, scanning electron microscopy (SEM).
The advancing and the receding contact angles for the polymer films were determined by the sessile drop method, at 20 °C, within 30 s after placing 1μL drops of liquids on the film surface [47] . The difference between these two angles, known as the contact angle hysteresis, provides information on surface energetics, roughness, and heterogeneity [48, 49] .
The components of the free surface energy for the studied blends were determined using two pure liquids (double distilled water and α-bromonaphthalene) and the geometric mean (GM) method [50] :
where θ is the contact angle determined for twice distilled water, and α-bromonaphthalene, subscripts "LV" and "SV" denote the interfacial liquid-vapor and surface-vapor tensions, respectively, while superscripts "p" and "d" denote the polar and dispersive components, respectively, of the total surface tension, γ SV .
The adhesion work (W a ), a thermodynamic parameter relevant for the adsorption characteristics of the surface, controlling all the interfacial events, was calculated using Young-Dupré equation [50] :
where  -is the contact angle and  LV is the surface tension of the liquid used for the measurements Using polar-dispersive theory for the surface energy, the interfacial tension between blood and the film surface (γ SL ) was calculated using the following equation [50] :
where γ p and γ d are the polar and, respectively, the dispersive components of the free surface energy; L and S stand for the liquid and, respectively, the solid.
The medium-cell interfacial tension was γ SL = 1-3 mN/m. Thus, it seems reasonable to consider that good compatibility with a foreign surface and mechanical stability of this interface can be assured when the blood-biomaterial interfacial tension is in this range [51] . To obtain reproducible results for contact angle determinations, several conditions had to be met, such as: constant temperature during the determinations; the same volume of solvent drops (not higher than 1μL); evaluation of the contact angles at different points of the studied surface, the final result being the average of the obtained values.
Precision in evaluating the components of the free surface energy was given by the precision in reading the contact angles between the polymer surface and the used pure liquids. The errors in contact angle determination were mainly caused by the surface roughness and by the chemical heterogeneity of the polymeric systems [52] . The highest accepted variation in the values of the contact angles was ± 1º-2º, in the case of the most heterogenic surfaces.
To determine the behavior of PVDF plasma treated to aging [53] , contact angles and the components of the free surface energy have been evaluated for 1, 3, and, respectively, 7 days, in standard conditions. Information on albumin absorption was obtained by immersing the polymer films, at room temperature, in an aqueous solution of 2 wt% albumin. The polymer/albumin ratio was kept approximately constant (1/2 w/w) [54] . The albumin fraction V from bovine serum (Merck grade for biochemistry) has been used. Quantitative determination of the albumin immobilized on the film surface was based on gravimetric measurements. The precision in measuring the polymer weights was 0.1 mg. Both before and after immersion in albumin solution, the samples were dried at 60 ºC, for 1.30 h, and kept at constant relative humidity.
A Perkin Elmer 2000 System with a resolution of 4 cm -1 , equipped with an Attenuated Total Reflectance (ATR) device was used in order to record the ATR-FTIR spectra of the untreated and plasma treated samples.
SEM micrographs:
The surface topography was visualized using a SEM Cambrige Stereoscan microscope model 440. Before observation, the surfaces were coated with a gold layer. The coating covers the entire sample surface with a homogeneous layer of alloy, of 18 nm  0.2 nm. The used magnifications were of 1000 X, 5000 X and 10000 X.
